ABSTRACT A new system is described for studying the control of protein synthesis. In a monolayer culture of chick embryo liver cells, plasma proteins are synthesized for three days at in vivo rates. The plasma proteins are secreted into the culture medium and without concentration are detected there simply and sensitively by a modified Laurell electroimmunoassay. Secretion of the newly synthesized plasma proteins occurs within 30 min of their synthesis. Thus, rates of synthesis of the plasma proteins can be followed readily from rates of their accumulation in the culture medium. This system has the following advantages for the study of protein synthesis: cells do not have to be disrupted for the assay; the cell population can be followed over several days; it is not necessary to label the proteins radioactively; and turnover of plasma proteins is negligible and need not be taken into account. The usefulness of the system is illustrated by a number of findings. The spectrum of plasma proteins synthesized in culture changed qualitatively and quantitatively. Albumin synthesis steadily decreased with culture time and stopped at the third day, whereas the synthesis of some new plasma proteins ("adult") was induced. These qualitative changes suggest differential gene expression in culture and a special control of albumin synthesis in vivo, different from the synthesis of the other plasma proteins. Quantitative changes in the rates of synthesis of specific plasma proteins suggest a competition among their messenger RNAs for components of the translational machinery. Insulin has a differential effect on the synthesis of specific plasma proteins, at concentrations within the physiological range of the hormone. Chick embryo liver cells in primary monolayer culture both synthesize and secrete plasma proteins (1). Measurement of the secreted plasma proteins by a highly sensitive immunoassay has allowed the study of differentiation and control of the synthesis of these export proteins.
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In this communication we present some methods for culturing chick embryo liver cells and for analyzing secreted proteins. As examples of the range of problems that can be investigated with this system we report here some of our results on differential gene expression, competition among messenger RNAs (mRNA) at the translational level, and differential hormone effects.
MATERIALS AND METHODS
Cell Culture. Livers from 16-day-old chick embryos were used. The cell suspension was prepared as described by Granick (2) with some modifications (see legends to figures) and plated in containing antibiotics and 10% heat inactivated fetal bovine serum (Grand Island Biological Co., Grand Island, N.Y.). In some instances a chemically defined medium consisting of The exported proteins were stable in the culture medium. The rate of accumulation of the proteins in the medium is a direct measure of the rate of their synthesis (Grieninger and Granick, manuscript in preparation). We will, therefore, use the term "synthesis" as synonymous with accumulation in the medium in the following discussion.
Antisera. Polyvalent antisera to adult chicken serum and monovalent antisera to chicken serum albumin and to "M" protein were produced in rabbits according to standard methods (4) . The titer and specificity of the antisera were characterized by crossed immunoelectrophoresis (5) . No cross reactions were observed between chicken plasma proteins and proteins present in fetal bovine serum.
Electroimmunoassay and Crossed Immunoelectrophoresis. The unidirectional electroimmunoassay of Laurell (6) was performed by electrophoresing the antigens (plasma proteins in our case) into an antibody-containing agarose gel (Fig. 1) . Samples of 3 Ml taken from the culture medium were sufficient to obtain reproducible results without preliminary concentration when the amount of antibody was properly chosen. Electrophoresis was performed in barbital buffer at pH 8.6 . A precipitation line in the form of a "rocket" is formed between antigen and antibody at certain ratios of these reagents. When antibody is held constant, the peak height of the rocket is directly proportional to the amount of antigen in the sample. Such calibration was made by running the antigens at several different concentrations on the antibody gel along with samples of unknown concentration.
Crossed immunoelectrophoresis (5) Grieninger and Granick which contains antibody. Negatively charged antigens are then caused to migrate into the second gel by electrophoresis perpendicular to the direction of the first electrophoresis (Fig. 2) . In this case, the area rather than the peak height under the variously shaped rockets indicates the amount of antigen in the sample.
RESULTS
Secretion of Plasma Proteins by Hepatocytes. The rate of accumulation in the culture medium as determined by electroimmunoassay with monovalent antisera is illustrated in Fig. 1 for two different plasma proteins. Samples of medium were taken at 6-hr intervals from each of triplicate culture dishes; 3 ,g of the sample were applied for each individual immunoassay. The increasing peak heights of the triplicate rockets show a steady accumulation of serum albumin during the first culture day (Fig. la) and accumulating plasma protein "M" during the third culture day (Fig. lb) . The lack of significant deviation between the peak heights of triplicate rockets demonstrates the reproducibility of the culture and of the immunoassay. Secretion of various chicken plasma proteins into the culture medium can be detected by crossed immunoelectrophoresis with the use of polyvalent antisera (Fig. 2a) . Since the cells secreting the plasma proteins illustrated in Fig. 2a were labeled with a 14C-aminoacid mixture, the immunoelectropherogram in Fig. 2a was subjected to autoradiography. Fig. 2b shows that all of the secreted plasma proteins in Fig. 2a were labeled and therefore synthesized de novo in culture.
Change in the Spectrum of Plasma Proteins Synthesized During Cell Culture. Fig. 3 shows accumulation of three of the plasma proteins over a 72-hr period, namely, albumin and two other proteins which we term "C" and "M" (see Fig. 2 for their electrophoretic mobility). It is seen that the rate of albumin synthesis was initially high but decreased exponentially from the time the cells were placed in culture (see also Fig. la ). Albumin synthesis stopped by the third day. In contrast, plasma proteins "C" and "M" were synthesized slowly in the beginning, but later at increasingly rapid rates. Several of the other plasma proteins exhibited similar enhanced rates of synthesis in culture (data to be published elsewhere). Despite the fact that the rate of synthesis of the major individual protein, albumin, decreased to undetectable levels by 72 hr, the rate of total plasma protein synthesis by the embryonic liver cells remained constant (data to be published elsewhere). The increasing synthesis of "C" and. "M" and some other plasma proteins seems to compensate for the decline of albumin synthesis. The combined amount of "C" and "M" synthesized on the third day was equivalent to more than 60% of the albumin synthesized on the first day. (Fig. 4) . This means that when these embryonic cells are put in culture a premature induction of adult plasma protein synthesis occurs. The induction is gradual. Synthesis of "M", the most prominent of the adult proteins synthesized in culture, is not detectable during the first 12 hr after cell plating (Fig. 3) . The observed delay is in accord with the finding which suggests that synthesis of "M" is dependent on new mRNA synthesis (data to 
1). (b)
The right-hand figure shows the autoradiogram on x-ray film (DuPont, Cronex II, diagnostic film) which had been exposed to the same plate for 6 days. The first dimension is from the left to the right, the second from the bottom to the top. "C" migrates as a prealbumin, "M" as an ai-globulin; A is serum albumin and T is transferrin.
be published elsewhere). In contrast, it can be seen in Fig. 3 that protein "C" and serum albumin are synthesized from the beginning of culture. Effect of Insulin on Synthesis of Proteins for Export. The concentration of insulin in the blood from the portal vein in several animals is about 10-9 M (7). When insulin was added at physiological concentration to Ham-Fl2 medium in the absence of fetal bovine serum, the liver cells responded with an about 2-fold increase in the synthesis of several plasma proteins, among them serum albumin, "C" and "M". For example, when insulin was added at a concentration of 3.5 X 10-9 M during culture from hour 15 to 39, "C" synthesis was stimulated from 74 10-10 M and the response reached a maximum at 3.5 X 10-9 M. A significant insulin effect was already seen by 90 min. Interestingly, however, the synthesis of some plasma proteins was actually decreased and the synthesis of others, such as transferrin, was unaffected (data to be published elsewhere).
DISCUSSION
The primary purpose of this paper is to illustrate the usefulness of the chick embryo liver cell culture when combined with a sensitive immunoassay for secreted plasma proteins, for the study of protein synthesis. The advantages of this system are:
(1) Use of the cell culture avoids unknown hormonal and neural factors which may affect the liver cells in the whole animal.
(2) The liver synthesizes most of the plasma proteins with the exception of the zy-globulins (8) . The FIco. 3. Course of accumulation of the three plasma proteins-albumin, "C", and "M" per mg of total cellular proteins. This is the same culture as was described in legend to Fig. 1 , cells being plated at time zero. The culture medium was changed every 24 hr. The accumulation of albumin, "C", and "M" was determined by electroimmunoassay as described in Fig. 1 (10) Despite differences in rates of synthesis of individual proteins (Fig. 3) We have indirect evidence that the efficiency with which the mRNAs of "C" and "M" proteins are translated increases with culture time. Our experiments support the idea that, when albumin synthesis decreases, the set of translational components which was formerly involved in albumin synthesis becomes progressively available for use by the other mRNAs. We suggest that other plasma proteins are synthesized more efficiently because there is less competition among their mRNAs for the protein factories (1, 12) . During the progress of our studies a similar mechanism, i.e., competition at the translational level, was suggested to occur in the oviduct system (13) . In our system, the synthesis of a particular protein and its competitors can be followed without the use of inhibitors of macromolecular synthesis.
Induction of Gene Expression in Culture. A major liver function, synthesis of albumin, stops in vitro, apparently due to repression of the albumin gene. Several adult plasma proteins, however, not synthesized by hepatocytes in the intact embryo, are synthesized when these cells are placed in culture (Fig. 4) . Our interpretation is that genes which are dormant in the embryonic liver cell in ovo are prematurely derepressed by removal from the embryonic environment and/ or by the conditions of culturing. The synthesis of the observed proteins in these nondividing, differentiating cells supports the view that cells do not have to go through a cell cycle before expressing new gene products. We have as yet no information about the induction mechanism and whether repression of the albumin gene occurs in close connection with de-repression of adult genes.
The Insulin Effect. Insulin has a strong stimulatory effect on the synthesis of several plasma proteins. Unexpected was the finding that synthesis of some plasma proteins was unaffected while synthesis of others was inhibited by insulin. This result indicates that there is a differential effect of this peptide hormone on protein synthesis. Recent experiments, to be reported later, indicate that the stimulatory effect of insulin is complex and can be observed at the translational as well as the transcriptional level.
